Nuclear power plants are highly complex systems and the issues related to their safety are of primary importance. Probabilistic safety assessment is regarded as the most widespread methodology for studying the safety of nuclear power plants. As maintenance is one of the most important factors for affecting the reliability and safety, an enhanced preventive maintenance optimization model based on a three-stage failure process is proposed. Preventive maintenance is still a dominant maintenance policy due to its easy implementation. In order to correspond to the three-color scheme commonly used in practice, the lifetime of system before failure is divided into three stages, namely, normal, minor defective, and severe defective stages. When the minor defective stage is identified, two measures are considered for comparison: one is that halving the inspection interval only when the minor defective stage is identified at the first time; the other one is that if only identifying the minor defective stage, the subsequent inspection interval is halved. Maintenance is implemented immediately once the severe defective stage is identified. Minimizing the expected cost per unit time is our objective function to optimize the inspection interval. Finally, a numerical example is presented to illustrate the effectiveness of the proposed models.
Introduction
It is well recognized that nuclear power plants (NPPs) are tightly regulated complex systems, where the issues related to their safety are of primary importance [1] . A possible and widely used way of analyzing the performance of safety for NPPs is to perform probabilistic safety assessments (PSA). PSA constitutes the most widespread methodology for studying the safety of NPPs and plays an increasing role in safety analysis and in developing safety improvements for industrial systems [2] . One of the important tasks of PSA for NPPs is evaluating the system reliability in terms of quantifiable measures. It is well known that there are many factors that affect the total reliability of NPPs. Among them, maintenance has been considered as one of the most important factors [3, 4] .
The purpose of maintenance in nuclear applications is to identify and militate the degradation of plant or system, as well as to restore the functions of system to an acceptable level, thus improving the reliability of NPPs. The optimization of maintenance programs could be summarized as "the right work, on the right equipment, at the right time" [5] . Here the "right time" refers to scientific and appropriate decisionmaking for initiating a maintenance program [6] .
In this paper, our aim is to develop maintenance models to optimize the interval of maintenance programs in terms of "right time. " Numerous maintenance policies have been implemented on the NPPs to prevent the occurrence of failure [7] . Preventive maintenance (PM) is perhaps one of the most popular maintenance policies, by which maintenance activities are executed with a planned interval aiming at preventing potential failures from occurring [8, 9] . PM is still a dominant maintenance policy due to its easy implementation in industrial applications.
As we all know, inspection as an important PM activity could reveal the status of the system being inspected; thus it helps maintenance engineers make decisions to avoid the occurrence of failure [10] . Inspections may be performed discretely with a periodic or aperiodic interval by using inspection instrument or continuously by modern condition 2 Science and Technology of Nuclear Installations monitoring devices. The periodic inspection activities are common in industry because of the effectiveness and convenience.
However, how often do engineers inspect the plants or the determination of inspection interval is still a key issue. The traditional determination of inspection interval is decided by managers' experience. Of course it is not scientific. Many researchers have developed numerous PM optimization models to search the optimal inspection interval under various modeling conditions [11] [12] [13] . But the models based on the delay time concept have been proved to have the obvious advantages for optimizing the inspection interval since the delay-time technique can directly model the relationship between the inspection intervention and the system performance in contrast with other PM models [14, 15] .
The delay time concept was first introduced by Christer in 1976 [16] , which defines the failure process as a two-stage failure process, namely, normal stage and delay time stage. The normal stage is from new to an initial point that a defect can be first identified by an inspection and the delay time stage from this initial point to failure. By the definition of delay time concept, the plant can be in one of two states before failure, namely, normal and defective. A defect can be identified if the inspection is carried out during the delay time stage. Many inspection and PM models, especially successful case studies based on the two-stage failure process, have been reported with actual applications in industry [17] .
However, in industrial applications, the systems may be described more than two states before failure as the three-color scheme is mostly used to divide the state before failure into green (normal), yellow (need attention), and red (need immediate attention) [18] . Considering this industrial scenario, Wang [19] firstly extended the two-stage failure process into a three-stage failure process, which is closer to the practical situation and provides more decision options for different states. In the work [19] , the inspection interval is shortened to be half of the current interval to more frequently inspect the system when the minor defective stage is identified but immediately replace the system if it is in the severe defective stage. Wang et al. [20] further considered a two-level inspection policy with PM and delaying the maintenance once the severe defective stage is identified and the time interval to the next PM is less than a threshold level. Yang et al. [21, 22] proposed an inspection maintenance optimization model with imperfect maintenance based on a three-stage failure process. An inspection optimization model based on a three-stage failure process is presented by Yang et al. [23] .
The contribution that Wang extended the failure process into three stages is meaningful, as this extension is closer to reality and corresponds to the industrial scenario. When the minor defective stage is identified, halving the inspection interval is adopted. However, one may argue that how often do engineers halve the inspection interval. It is done only when the minor defective stage is identified at the first time or if only identifying the minor defective stage because the former may be easily implemented for maintenance operators but the latter can inspect the condition of system frequently and avoid the failure to some extent. This question is not explained in the previous work based on the three-stage failure process.
Therefore, in this paper we propose an enhanced preventive maintenance optimization model based on a threestage failure process to improve the reliability of systems, thus laying the foundation for safety assessment of NPPs. The lifetime of system before failure is divided into three stages, namely, normal, minor defective, and severe defective stages. When system fails, replacement is carried out. Once the severe defective stage is identified, the maintenance is implemented immediately. But when the minor defective stage is identified, we adopt two measures for comparison: one is that halving the inspection interval only when the minor defective stage is identified at the first time; the other one is that if only identifying the minor defective stage, the subsequent inspection interval is halved. Minimizing the expected cost per unit time is our objective function to optimize the inspection interval.
The contributions of this paper are as follows: (1) an enhanced preventive maintenance optimization model based on the three-stage failure process is presented to lay the foundation for safety assessment of NPPs; (2) the deterioration of system is subject to the three-stage failure process; (3) two different maintenance decisions are considered for comparison when the minor defective stage is identified.
The remaining parts of the paper are organized as follows: Section 2 presents the modeling assumptions and notation. Section 3 provides the proposed cost models with perfect inspection case and imperfect inspection case is modeled in Section 4. Section 5 gives numerical examples. Finally, Section 6 concludes the paper and the future researches are suggested.
Modeling Assumptions and Notation
The following assumptions and notation are presented for the subsequent modeling.
( 
Cost Models with Perfect Inspection
Two cost models are formulated in this section based on the different decisions when identifying the minor defective stage. Perfect inspection means that inspections can identify the defective stages no matter the defect is minor or severe. The objective function of the models is to minimize the expected cost per unit time for deriving the optimal inspection interval. There are two renewal scenarios, namely, a failure renewal and an inspection renewal caused by identifying the severe defective stage. According to the renewal theory, the renewal probabilities need to be derived before formulating these cost models.
Model 1.
The inspection interval is shortened only when the minor defective stage is identified at the first time.
The System May Be Renewed before the Minor Defective
Stage Is Identified. There could exist two renewal scenarios, as shown in Figure 1 .
(1) A failure renewal happens when the system deteriorates into the minor defective stage and then fails in (( − 1) , ) simultaneously. As no minor defective stage is identified, the total length of minor defective stage and severe defective stage is shorter than the inspection interval . The probability of such a failure renewal is
(2) An inspection renewal occurs once the severe defective stage is found at by an inspection. The minor defective stage is within (( − 1) , ) and severe defective stages are longer than − − V, where and V are the duration of the normal and minor defective stages. The probability of such an inspection renewal is
According to renewal probabilities, the expected renewal cycle cost and length with different renewal scenarios can be derived.
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Expected Renewal Cycle Cost 1 ( ).
If the system fails in (( −1) , ) and failure renewal happens, the relevant cost is ( + ( − 1) ), including the cost of ( − 1)th inspection and failure replacement cost. But once the severe defective stage is identified at and inspection renewal happens, the relevant cost is ( + ), including the cost of th inspection and maintenance cost. The relevant cost of each event multiplies by the renewal probability, respectively; thus the expected renewal cycle cost 1 ( ) can be derived as
Expected Renewal Cycle Length 1 ( ).
Before deriving the expected cycle length of failure renewal, the pdf of system fails at , ∈ (( − 1) + ℎ < < ( − 1) + ℎ + ℎ) should be formulated firstly using the same way as (1)
The expected renewal cycle length can be derived as the way as (3). The relevant length of each event multiplies by the renewal probability, respectively; thus the expected renewal cycle length 1 ( ) can be derived as
The System Is Renewed after the Minor Defective Stage
Is Identified at . There also exist two renewal scenarios, as shown in Figure 2 .
(1) The system fails in ( + ( − 1) /2, + /2) after the minor defective stage is identified at . The minor defective stage starts within (( − 1) , ) and ends within ( + ( − 1) /2, + /2). The severe defective stage and failure happens in the same interval. The probability of such a renewal is
(2) The system is renewed at + /2 as the severe defective stage is firstly identified. The normal stage ends within (( − 1) , ). The minor defective stage is firstly identified at and ends within ( + ( − 1) /2, + /2). So the severe defective stage is longer than + /2 − − V. The probability of such a renewal is Inspection renewal
The system is renewed after the minor defective stage is identified at the first time.
Therefore, the expected renewal cycle cost and length under different renewal scenarios can be given as follows.
Expected Renewal Cycle Cost
2 ( ). When the system fails in ( + ( − 1) /2, + /2), the relevant cost is ( + ( + − 1) ), including the cost of ( + − 1)th inspection and failure replacement cost. But once the severe defective stage is identified at + /2, the relevant cost is ( + ( + ) ), including the cost of ( + )th inspection and maintenance cost. The relevant cost of each renewal event multiplies by the renewal probability, respectively; thus the expected renewal cycle cost 2 ( ) can be derived as
Expected Renewal Cycle Length 2 ( ).
The relevant length of each event multiplies by the renewal probability, respectively; thus the expected renewal cycle length 2 ( ) can be derived as
Expected Cost per Unit Time ( ).
Based on the expected cycle cost and length, expected cost per unit time can be calculated using the renewed reward theory [24] as
Model 2. The inspection interval is shortened if only the minor defective stage is identified.
The System Is Renewed before Founding the Minor Defective Stage.
This scenario is the same as Section 3.1.
The System Is Renewed after Identifying the Minor Defective Stage.
As this model supposes that if only the minor defective stage is identified, the subsequent inspection interval is halved. Here, we consider the scenario that system is renewed after the minor defective stage is identified at th time and the inspection interval is shortened to be /2 for generality. The minor defective stage starts within (( − 1) , ) and is found at by an inspection; then the interval is halved. However, the subsequent inspections also identify the minor defective stage; the inspection interval is accordingly halved. The system is renewed until the minor defective stage is identified at th time. There also include two different scenarios, as depicted in Figure 3 .
(1) The system is renewed when fails in ( , * ). The system deteriorates into the minor defective stage within (( − 1) , ) and the minor defect is firstly identified at by an inspection. So the subsequent inspection interval is halved. Finally, the minor defective stage ends within ( , * ) and the severe defective stage and failure happens in the same interval. The probability of such a failure renewal is
(2) The system is replaced when the inspection renewal happened. The minor defective stage is firstly identified at and ends within ( , * ). The severe defective stage is longer than * − − V and identified at * , leading to the system renewal. The probability of this inspection renewal is
Accordingly, the expected renewal cycle cost and length under different renewal scenarios can be given using the same way as model 1.
Expected Renewal Cycle Cost 3 ( ).
When the system fails in ( , * ), the relevant cost is ( +( + −1) ), including the cost of ( + − 1)th inspection and failure replacement cost. But if the severe defective stage is identified at * , the relevant cost is ( + ( + ) ), including the cost of ( + )th inspection and maintenance cost. The relevant cost of each event multiplies by the renewal probability, respectively; thus the expected renewal cycle cost 3 ( ) can be derived as
Expected Renewal Cycle Length 3 ( ).
The relevant length of each event multiplies by the renewal probability, respectively; thus the expected renewal cycle length 3 ( ) can be derived as
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Expected Cost per Unit Time ( ).
Based on the derived expected cycle cost and length, expected cost per unit time can be calculated using the same way as (10)
Cost Models with Imperfect Inspection
Imperfect inspection means that inspections may not identify the minor defective stage perfectly but can identify the severe defective stage perfectly. Two different cost models with imperfect inspection are given in this section to optimize the inspection intervals. Similarly, two renewal scenarios are considered here and the renewal probabilities should be formulated. According to the different decisions when identifying the minor defective stage, two optimization models are proposed.
Model 1.
The inspection interval is shortened only when the minor defective stage is identified at the first time. Figure 4 . There may exist two renewal scenarios.
The System Is Renewed before the Minor Defective Stage Is Identified, as Shown in
(1) The system is renewed when it fails in (( − 1) , ). The normal stage ends and then the minor defective stage starts within (( − 1) , ). The length of minor defective stage is longer than (( − 1) − ) but all the inspections in ( , ( − 1) ) miss the minor defect because of the imperfect inspection. The probability is given as (( − 1) < < ) = (( − 1) < < , ( − 1) − < < − ,
where we define ( ) = max( , 0).
(2) The system is renewed at as the severe defective stage is identified by an inspection. The minor defective stage starts within (( − 1) , ) and ends within (( − 1) , ). Of course, all the inspections within ( , ( −1) ) miss the minor defective stage. The probability is 
Consequently, the expected renewal cycle cost and length with different renewal scenarios can be derived.
Expected Renewal Cycle Cost 11 ( ).
When the system fails in (( −1) , ), the relevant maintenance cost is (( −1) + ). However, once the severe defective stage is identified at by an inspection, the relevant cost is ( + ). Therefore, the expected renewal cycle cost 11 ( ) can be derived through multiplying the relevant cost of each event by the renewal probability, respectively;
Expected Renewal Cycle Length 11 ( ).
The relevant length of each event multiplies by the renewal probability, respectively; thus the expected renewal cycle length 11 ( ) can be derived as Figure 5 . There also exist two renewal scenarios. 
The System Is Renewed after the Minor Defective Stage Is Identified at , as Shown in
(2) The minor defective stage of system starts within (( − 1) , ) and is identified at at the first time by an inspection. Then the subsequent inspection interval is halved. The length of severe defective stage is longer than ( + /2 − − V) and is identified at + /2. The probability of such a renewal is
Accordingly, the expected renewal cycle cost and length with different renewal scenarios can be derived as follows.
Expected Renewal Cycle Cost
22 ( ). The expected renewal cycle cost 22 ( ) can be derived through multiplying the relevant cost of each event by the renewal probability; respectively;
Expected Renewal Cycle Length 22 ( ).
The relevant length of each event multiplies by the renewal probability, respectively; thus the expected renewal cycle length 22 ( ) can be formulated as
Expected Cost per Unit Time ( ).
Therefore, based on the derived expected cycle cost and length, expected cost per unit time can be calculated:
Model 2. It is shortening the inspection interval if only the minor defective stage is identified.
The System Is Renewed before Identifying the Minor Defective Stage with Imperfect Inspection.
This scenario is the same as Section 4.1.
The System Is Renewed after the Minor Defective Stage Is
Identified. As this model supposes that if only the minor defective stage is identified, the inspection interval is halved. The minor defective stage may be missed by the inspections because of the imperfect inspection. Moreover, the inspection may miss the minor defect between two points of identifying the minor defect. The modeling process is complex. Therefore, the scenario that system renews after identifying the minor defective stage at the third time is present as an example. The derivation of other scenarios follows the same principle. The system is renewed after identifying the minor defective stage at the third time, as depicted in Figure 6 .
(1) A failure renewal happens when the system deteriorates into the minor defective stage within (( − 1) , ) and fails in ( , * ). The minor defective stage is identified three times in ( , ). The probability of such a failure renewal is
(2) An inspection renewal happens when the severe defective stage of system is identified at * . The minor defective stage lasts from to and is identified by inspections three times. So the subsequent inspection interval is /8. The probability of this inspection renewal is
Expected Renewal Cycle Cost 33 ( ). The expected renewal cycle cost
33 ( ) can be derived through multiplying the relevant cost of each event by the renewal probability, respectively;
Expected Renewal Cycle Length 33 ( ).
The relevant length of each event multiplies by the renewal probability, respectively; thus the expected renewal cycle length 33 ( ) can be formulated as
Expected Cost per Unit Time ( ).
Based on the derived expected cycle cost and length, expected cost per unit time can be formulated:
Numerical Example
A numerical example is presented in this section to compare the superiority of two models according to the different measures when identifying the minor defective stage, thus presenting a scientific maintenance decision for safety assessment of NPPs. In order to avoid the influence of relevant parameters, two sets of parameters are set up here corresponding with the perfect inspection and imperfect inspection, respectively. These three stages of failure process are assumed to follow Weibull distribution because of the perfect performance of Weibull distribution in describing the lifetime of system, as shown in
where , are scale parameter and shape parameter, respectively.
Example 1 (perfect inspection). As the total lifetime experiment of systems or equipment following to three-stage failure process is hard to implement, we cannot possess the complete experimental data at present. So the distribution and cost parameters are assumed in Table 1 . According to the given parameters and cost models which have been built in Sections 3 and 4, we can derive the outputs of proposed models and determine the optimal inspection interval through MATLAB programming. The results of models 1 and 2 with perfect inspection are shown in Figures  7 and 8 , respectively.
In order to make comparison for the two different measures when identifying the minor defective stage, the results of two models are put together to make it more clear and intuitive, as shown in Figure 9 . We can see that the expected cost per unit time of model 1 is smaller than model 2 no matter what the value of is. Moreover, with the increasing of in model 2, the maintenance cost is larger. The relevant expected cost values of models 1 and 2 are given in Table 2 . From Table 2 , it can be seen that the optimal expected cost per unit time ( ) of model 1 is 8.4007 and the optimal inspection interval * is 47. However, the optimal ( ) is 9.6727 when the optimal * is 2 and optimal * is 42. Therefore, model 1 can In other words, the measure that shortening the inspection interval only when identifying the minor defective stage at the first time can save more maintenance cost. Although the action of model 2 can prevent the failure of system definitely, frequent inspection maintenance will increase the maintenance cost. Therefore, the optimal maintenance decision is the action that shortening the inspection interval only when the minor defective stage is identified at the first time, which is also beneficial for making up the maintenance plan and improving the reliability and safety of NPPs.
Example 2 (imperfect inspection). In this section, we give another set of parameters to avoid the influence of different parameters. The distribution and cost parameters are shown in Table 3 . The probability of imperfect inspection is 0.6. According to the given distribution and cost parameters, the outputs of models 1 and 2 are shown in Figure 10 . The relevant expected cost values of models 1 and 2 are given in Table 4 . With imperfect inspection case, model 1 can save maintenance cost 12.4% more than model 2 with condition 1. From Figure 10 and Table 4 , we can derive the same conclusion as Example 1 that model 1 is more optimal than model 2.
According to the two examples in this section, we can derive the conclusion that shortening the inspection interval only when the minor defective stage is identified at the first time is optimal no matter the inspection is perfect or imperfect. Moreover, this conclusion can help maintenance managers make scientific decisions, which will also be helpful for safety assessment of NPPs. Of course, the results cannot be generated to all cases as the output result of proposed models depends on the model parameters, particularly the cost parameters.
Conclusions
As evaluating the system reliability is one of the important tasks of PSA for NPPs and maintenance is considered as one of the most important factors for affecting the total reliability and safety, an enhanced preventive maintenance optimization model based on a three-stage failure process with perfect and imperfect inspection cases is proposed to optimize the inspection interval of NPPs by minimizing the expected cost per unit time. The lifetime of system before failure is divided into three stages, namely, normal, minor defective, and severe defective stages, which is closer to reality and corresponds to the three-color scheme commonly used in industry. When the minor defective stage is identified, two measures are considered for comparison: one is that halving the inspection interval only when the minor defective stage is identified at the first time; the other one is that if only identifying the minor defective stage, the subsequent inspection interval is halved. Maintenance is implemented immediately once the severe defective stage is identified. The results of the numerical example show that the measure that halving the inspection interval when the minor defective stage is identified at the first time can save more maintenance cost no matter the inspection is perfect or imperfect.
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The optimal inspection interval can be found through the proposed model. The conclusions can also help the managers make scientific maintenance decisions and benefit the safety assessment of nuclear power plants.
The further relevant research can be developed as (1) joint optimization policy of inspection and spare parts based on the three-stage failure process, (2) considering the maintenance window at the defective stages, and (3) case studies that should be considered. These points will be researched in the future.
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